The discrimination of voice-onset time, an acoustic-phonetic cue to voicing in stop consonants, was investigated to explore the neural systems underlying the perception of a rapid temporal speech parameter. Pairs of synthetic stimuli taken from a [da] to [ta] continuum varying in voice-onset time (VOT) were presented for discrimination judgments. Participants exhibited categorical perception, discriminating 15 ms and 30 ms between-category comparisons and failing to discriminate 15 ms within-category comparisons. Contrastive analysis with a tone discrimination task demonstrated left superior temporal gyrus activation in all three VOT conditions with recruitment of additional regions, particularly the right inferior frontal gyrus and middle frontal gyrus for the 15 ms between-category stimuli. Hemispheric differences using anatomically-defined regions of interest showed two distinct patterns with anterior regions showing more activation in the right hemisphere relative to the left hemisphere and temporal regions demonstrating greater activation in the left hemisphere relative to the right hemisphere. Activation in the temporal regions appears to reflect initial acoustic-perceptual analysis of VOT. Greater activation in the right hemisphere anterior regions may reflect increased processing demands, suggesting involvement of the right hemisphere when the acoustic distance between the stimuli are reduced and when the discrimination judgment becomes more difficult.
Introduction
The perception of speech and the mapping of sound structure to higher levels of language is a fundamental property of the language processing system, yet it is still a poorly understood phenomenon. Similar to other language functions, speech perception has been traditionally viewed as left hemisphere dominant. Patients with left hemisphere lesions involving either frontal structures or temporo-parietal structures display impairments in speech perception (Blumstein, 2000) . In addition, behavioral data from dichotic listening tasks with unimpaired populations support a right ear (left hemisphere) advantage for the perception of consonants as well as for phonetic features such as voicing and place of articulation (Shankweiler & Studdert-Kennedy, 1967; Spellacy & Blumstein, 1970; Studdert-Kennedy & Shankweiler, 1970) .
Nonetheless, there is evidence that challenges the view that the left hemisphere is the exclusive domain for the processing of speech. Boatman et al. (1998) found that the only receptive language ability that was spared in a seizure patient after disabling the left hemisphere with sodium amytal was the discrimination of CV syllables distinguished by voicing or place of articulation, suggesting that the right hemisphere may have a role in discrimination of these types of phonetic contrasts. Additionally, a converging body of evidence from neuroimaging studies has shown involvement of both left and right hemisphere structures in various speech perception tasks (Hickok & Poeppel, 2000; Binder & Price, 2001; Scott & Johnsrude, 2003) .
Consistent with these findings are several hypotheses which propose bilateral involvement in the early stages of speech perception (Poeppel, 2001; Zatorre et al., 2002) . In this case, early stages of processing refer to the extraction of the spectral and temporal properties of the stimuli which ultimately provide the basic parameters for perceiving the sounds of speech. Despite differences in their details, these hypotheses share two assumptions. First, they propose that the temporal lobe structures of both hemispheres provide the substrate for constructing soundbased representations (Binder & Price, 2001; Hickok & Poeppel, 2000 . Second, they hypothesize that the computational capacities of the two hemispheres differ and as such preferentially process different aspects of speech as a function of their intrinsic acoustic properties. For example, fine spectral detail over a longer time window that characterizes formant patterns and serves as a cue to vowel quality should be preferentially processed by the right hemisphere. In contrast, temporal parameters of short duration, such as the rapid spectral changes that distinguish place of articulation in stop consonants, or voice-onset time (VOT), a short duration (0-40 ms) parameter that distinguishes voiced and voiceless stop consonants, should be preferentially processed by the left hemisphere.
The findings from several recent event-related fMRI studies investigating the perception of voicing in stop consonants (Burton et al., 2000; Blumstein et al., 2005; Myers, 2007) are consistent with the view that there are both bilateral (Binder & Price, 2001; Scott & Johnsrude, 2003) and left-lateralized (cf. components to the processing stream for speech. Burton et al. showed bilateral STG activation for the discrimination of natural speech stimuli differing in the voicing of the initial stop consonant, e.g. dip vs. tip. When the stimuli were such that the subjects had to segment out the initial stop consonant in order to discriminate the voicing of the initial stop consonant, e.g. dip vs. ten, there was additional unilateral activation in the left inferior frontal gyrus (IFG) . Similar findings were shown by Blumstein et al. (2005) in a study investigating the perception of voice-onset time (VOT), an acoustic cue distinguishing voiced and voiceless stop consonants, Subjects were required to make phonetic category decisions on a synthetic [da] to [ta] continuum varying in VOT. Overall bilateral temporal areas were implicated in initial processing of VOT, showing responsiveness as a function of the "goodness of fit" of tokens to their phonetic category (cf. also Myers, 2007) , whereas left IFG areas showed graded activation as a function of phonetic category membership as the speech signal was mapped onto a linguistic representation.
Other studies focusing on the perception of VOT have suggested a bilateral component to its processing. Using auditory evoked responses, Molfese and collaborators found both right and left hemisphere sensitivity to stimuli varying in voice-onset time (see Simos et al., 1997 for review.) Of interest, the RH temporal component observed in these studies emerged for stimulus contrasts that crossed the phonetic boundary. In addition, Papanicolaou et al. (2003) , using MEG to examine responses to stimuli varying in VOT and tone-onset time (TOT) in temporal areas of both hemispheres, showed that early responses (60 to 130ms) in the auditory cortex were bilateral, whereas middle (130ms to 800ms) and late responses (800ms to 1400ms) showed a greater magnitude of response in the left hemisphere than in the right hemisphere.
These results suggest that early stages of auditory processing in which the temporal parameters associated with VOT are extracted may recruit both hemispheres bilaterally and that left hemisphere lateralization emerges later in the phonetic processing stream when these temporal parameters are mapped to the voiced and voiceless phonetic categories. Thus the right hemisphere may be recruited in addition to the left hemisphere in extracting the auditory parameters of the stimuli, whereas left hemisphere processes may be recruited in later stages of processing such as phonetic segmentation or phonetic categorization.
It is the goal of this study to explore the neural systems underlying the processing of voiceonset time and potential laterality differences in such processing. There are two questions of interest. First, although the studies reviewed above have shown bilateral STG activation for the processing of VOT, none have directly compared the activation patterns of the left and right STG to determine whether there is a lateral preference for the processing of VOT. Based on the hypotheses suggesting different computational properties of the two hemispheres, it is expected that there will be greater left than right STG activation for the processing of VOT, which requires resolving temporal order changes ranging from 0 to 40 ms.
The second question concerns the role of anterior brain structures in the processing of VOT. The results of Burton et al. (2000) suggest that the IFG is recruited only in tasks that require the mapping of the spectral-temporal patterns of speech on to a linguistic phonetic category (cf. also Burton, 2001 ). However, the stimuli used in that study were natural speech exemplars which contained multiple acoustic cues distinguishing voicing in stop consonants including voice-onset time, aspiration noise, and fundamental frequency differences at consonantal release. The question is whether frontal areas will be recruited using the same task as Burton et al. (2000) , a same-different discrimination task with a short (50 ms) ISI when subjects are required to attend to fine acoustic differences in VOT and presumably are not attending to phonetic category membership (Liberman et al, 1957) .
VOT is typically perceived in a categorical-like manner. Listeners categorize stimuli varying parametrically in voice-onset time into two distinct phonetic categories, showing a sharp discontinuity between the two categories, typically at a particular voice-onset time 'boundary' stimulus. However, they are only able to discriminate reliably those stimuli that they have categorized as members of different phonetic categories ([da] vs.
[ta]), and are at chance in discriminating stimuli that lie within a phonetic category (Liberman, Delattre, & Cooper, 1958) . Nonetheless, recent studies have shown that listeners are in fact sensitive to the acoustic differences within a phonetic category (Miller, 1994; Iverson & Kuhl, 1995) . They show slower reaction-time latencies to different members of the same phonetic category than to two acoustically identical stimuli, indicating some perceptual sensitivity to within-category variation in VOT differences (Pisoni & Tash, 1974) . Thus, examining the processing of VOT in a same-different discrimination task allows for the investigation of the role of phonetic factors, on the one hand, by comparing between and within-category differences while equating for acoustic distance, and acoustic factors, on the other, by comparing activation patterns for between phonetic category differences that differ in their acoustic distance.
We hypothesize that although there will be both right and left hemisphere activation for the discrimination of tokens differing only in voice-onset time, the processing of VOT will be leftlateralized, particularly in the STG. In the event that differences emerge in the activation patterns of the STG as a function of the different VOT stimulus conditions, we will examine whether similar differences emerge even earlier in the processing stream in the transverse temporal gyrus (TTG). We also expect activation of frontal structures such as the IFG, particularly as the discrimination judgments become more difficult. In particular, increased frontal activation should emerge for 15 ms within phonetic category discriminations compared to 15 ms between phonetic category discriminations because the discrimination judgment is more difficult in the former case as it is based solely on acoustic differences in the stimulus pairs whereas in the latter case the discrimination judgment it is based on both acoustic and phonetic differences in the stimuli. Moreover, increased frontal activation should also emerge for the discrimination of between-category stimulus pairs and within-category stimulus pairs that differ by 15 ms compared to between-category stimuli that differ by 30 ms, reflecting the increased difficulty of the discrimination judgment. A simple tone discrimination task was utilized to serve as a non-speech control Since the goal of the study was to examine the perception of a fine-scale temporal parameter, we did not want to factor out this parameter in the non-speech stimuli. Hence, the non-speech stimuli were pure tones which differed from each other only in frequency, but were otherwise matched with the speech stimuli in both duration and amplitude. In this way, the tone condition was not designed to equate for task difficulty but rather to serve as a control for low-level auditory processing as well as for task-related components such as planning and executing a button press. Of import, the experimental hypotheses explored in this study depend on differences in activation between syllable stimuli varying in voice-onset time, having subtracted out from each syllable condition low-level auditory processing via the tone control condition. Such simple tone stimuli have been used as a control for speech stimuli when the goal of the study was to identify differences in activation patterns associated with the processing of phonetic category structure (cf. Blumstein et al., 2005) .
Materials and methods

Participants
Seventeen healthy adult native English speakers were recruited from the Brown University community. The educational level of the participants ranged from current undergraduate students to Ph.D.s. Participants gave written informed consent according to guidelines established and approved by the Human Subjects Committees of both Brown University and the Memorial Hospital of Rhode Island. All participants were screened for lack of bodily ferromagnetic objects. The Edinburgh Handedness Inventory (Oldfield, 1971 ) was administered to confirm that all participants were strongly right handed (the mean handedness index for the participants was 88 with a range of 74 to 100). Modest monetary compensation was given for participation in the experiment. Of the original 17 participants, the fMRI data from 14 were analyzed: one participant failed to complete the scanning session and the behavioral data from two others indicated that they could not reliably discriminate any of the stimulus conditions. The remaining 14 participants included 5 men and 9 women from 21-60 years of age (mean 30, SD 3.1).
Stimuli
Stimuli consisted of six speech stimuli taken from a synthetic [da]-[ta] continuum created by a parallel resonance synthesizer made available at Haskins Laboratories (see Figure 1 ). The six stimuli had VOT values of 0, 10, 15, 25, 30 and 40 ms. The selection of the VOT values for these stimuli was based on an earlier fMRI study of VOT categorization which varied VOT in 10 ms step from 0 ms ([da]) to 40 ms (ta]) and showed that the phonetic boundary between the two phonetic categories was at 20 ms (Blumstein et al., 2005) . Thus, VOT values of 0, 10, and 15 corresponded to voiced stimuli ([da] ) and VOT values of 25, 30, and 40 corresponded to voiceless stimuli ([ta]). VOT was manipulated by replacing the periodic source with an aperiodic source in 10, 15, 25, 30, or 40 msec segments, starting from the onset of the syllable. All stimuli consisted of 5 formant patterns with onset values for F1-F5 being 200 Hz, 1350 Hz, 3100 Hz, 3600 Hz and 4500 Hz respectively. F1-F3 had formant transitions that lasted 40 ms followed by steady-state values of 720 Hz, 1250 Hz, and 2500 Hz. All of the stimuli were 230 ms in length.
In addition to the speech stimuli, there were two tone stimuli created for use in the tone discrimination task. These stimuli were the same as those used in Blumstein et al. (2005) investigating the perception of voice-onset time using a phonetic categorization task and consisted of a high tone (a sine wave at 1320 Hz) and a low tone (a sine wave at 910 Hz). The pitch of these tones was selected to lie within the range of the vowel steady-state formant frequencies of the speech stimuli. The duration of the tone stimuli was the same as the VOT stimuli and the amplitude of the tone stimuli was matched to that of the steady-state portion of the vowels of the VOT stimuli.
Tasks
Participants performed a same-different discrimination task in which each trial consisted of either pairs of syllable or tone stimuli separated by a 50 ms ISI. The experiment consisted of two syllable runs and two tone runs, with the order of syllable runs counterbalanced across participants. Participants were required to listen to each pair of stimuli and to press one of two buttons in determining whether the stimulus pairs were the same or different; the button mapping for the run was counterbalanced across participants. Subjects were asked to respond as quickly and as accurately as possible. Each subject received practice trials for the discrimination task on both syllable and tone pairs during the anatomical scan prior to the functional runs. To reduce eye movement artifacts and activation of visual areas, scan room lights were dimmed and participants were asked to keep their eyes closed during functional runs. Stimuli were presented in a fixed, pseudo-randomized order within each run.
The syllable stimuli were grouped into same and different conditions. The different discrimination condition consisted of three trial types: a 30ms between category comparison (0 vs 30 ms VOT and 10 vs 40 ms VOT), a 15ms between category comparison (10 vs 25 ms VOT and 15 vs 30 ms VOT), and a 15ms within category comparison (0 vs 15 ms VOT and 25 vs 40 ms VOT). The order of the different stimulus pairs was counterbalanced across trial types (e.g. 0 vs. 15 ms VOT and 15ms VOT vs. 0 ms VOT). The Same discrimination condition paired each VOT stimulus with itself. In each syllable run, 60 different (20 of each condition) and 60 same discrimination pairs were presented.
In the tone runs there were two conditions with 20 presentations each: different tone discriminations (high vs. low, low vs. high) and same tone discriminations (high vs. high, low vs. low) resulting in 40 trials for each of the two tone runs. Similar to the syllable stimuli, the order of the different stimulus pairs was counterbalanced.
Stimuli were presented over sound attenuating air conduction headphones and the sound level was adjusted to ensure a comfortable listening level. Responses were collected with an MRcompatible button box and scored for both accuracy and reaction time (RT), with RT latencies measured from the onset of the stimulus. Presentation of stimuli and collection of response data were controlled by a laptop running the BLISS software suite (Mertus, 1989) .
Image Collection
All images were acquired on a 1.5 Tesla Symphony Magnetom MR system (Siemens Medical Systems, Erlangen, Germany). A high-resolution anatomical dataset was acquired for each participant (TR=1900ms, TE=4.15ms, TI=1100ms, 1mm 3 voxels and a FoV of 256mm), prior to acquiring functional data. A total of 968 (362 images for each syllable run and 122 images for each tone run) echo-planar images (EPIs) were acquired in a transverse plane using bloodoxygenation-level-dependent (BOLD) imaging. Each EPI image consisted of 15 slices covering a 75mm area and was aligned to each participant's corpus callosum which allowed for the collection of functional data from bilateral perisylvian cortex (TR= 2000ms with 1200ms of image acquisition and 800ms of a silent interval, TE= 38ms, a FoV of 192mm with a 64mm 2 matrix, a slice thickness of 5mm and an in-plane resolution of 3mm 2 resulting in a voxel volume of 45mm 3) . The imaging data were acquired so that the auditory stimuli were presented during silent gaps in between functional scans (Belin et al. 1999; Hall et al. 1999; Edmister et al., 1999) . In particular, the 15 slices were acquired in a 1200 ms interval followed by a 800 ms silent gap in which a discrimination pair was presented. To reduce T1 saturation effects, four dummy volumes were collected before the presentation of the first stimulus pair in each run, and these volumes were excluded from subsequent analysis.
An event-related design was utilized in which stimuli were jittered according to a uniform distribution of six trial onset asynchronies (TOA values ranging from 2 to 10s in 2 second steps, resulting in an average TOA of 6 seconds.
Data Analysis
Images acquired during the experiment were processed and analyzed on a 12 node Linux cluster using AFNI (Cox, 1996; Cox & Hyde, 1997 ; http://afni.nimh.nih.gov/afni/). Functional and anatomical datasets for each participant were co-registered using positioning information from the MR. Functional datasets were motion corrected using a six-parameter rigid body transformation (Cox & Jesmanowicz, 1999) . Anatomical datasets were normalized to the Talairach and Tournoux template (1988) as implemented in AFNI and motion-corrected functional datasets were registered to the normalized anatomical dataset. Normalized functional datasets were resampled to 3mm 3 and smoothed using a 6mm 3 full-width at halfminimum Gaussian kernel. A brain mask was created using each participant's normalized anatomical dataset which encompassed only brain tissue. These masks were merged to form a representative brain mask that included all voxels defined as brain tissue in a minimum of 12 participants.
Single-subject analysis was conducted on voxels defined in the group brain mask. Vectors containing stimulus onset times for all 6 conditions (15 msec Within-Category, 15 msec Between-Category, 30 msec Between-Category, Syllable Same, Tone Different and Tone Same) were created for each participant and convolved with a gamma-variate function to create reference functions for each condition. The smoothed functional data and reference functions were submitted to deconvolution to estimate the hemodynamic response during performance of each condition on a voxel by voxel basis. The six parameters from the motion correction algorithm were included in the deconvolution analysis as additional reference waveforms. Estimated coefficients for each condition were normalized to the participant's experiment-wise average BOLD to convert intensity into percent signal change.
Group analysis was accomplished by submitting percent change datasets to a two-factor ANOVA using stimulus condition (fixed effect) and participant (random effect) as independent variables. Planned comparisons were conducted between the different stimulus pairs for the speech and tone stimuli Contrasts included comparisons of the speech and tone stimuli (Syllables vs. Tones) and the three syllable different conditions compared to the tone different condition (30ms Between-Category vs. Tone Different, 15ms Between-Category vs. Tone Different, 15ms Within-Category vs. Tone Different). In addition, planned comparisons were conducted for the different syllable discrimination stimuli. Pair-wise comparisons were conducted between the three syllable different conditions (15 ms Within-Category vs. 15 ms Between-Category, 15 ms Between-Category vs. 30 Between-Category ms, and 15 ms WithinCategory and 30 ms Between-Category). Monte-Carlo simulations were run to obtain cluster level thresholds. A voxel level threshold of p<0.01 and a cluster level threshold of p<0.01 (44 contiguous voxels) was used for all comparisons. To investigate whether activation observed in these comparisons was attributable to differences in difficulty as measured by reaction time, a regression analysis was performed which identified areas in which activation correlated with reaction time.
To assess activation patterns in specific anatomical regions as well as potential differences in laterality, a region-of-interest (ROI) analysis was conducted. ROIs were selected based upon the hypotheses described earlier and defined by the Talairach and Tournoux atlas (1988) , as implemented by AFNI. Left and right hemisphere ROIs were created for each of the following areas of interest: Transverse Temporal Gyrus (TTG), Superior Temporal Gyrus (STG), and the Inferior Frontal Gyrus (IFG). For each of these regions, mean percent signal change was extracted for every participant and submitted to a two factor (Condition x Hemisphere) analysis of variance.
RESULTS
Behavioral Results
Mean behavioral results for both performance and reaction-time for all 14 participants are displayed in Figure 2 for all syllable different conditions. Figure 2A shows the performance results. As expected, performance was better for the 30 ms between category discrimination pairs (91%) than for the 15 ms between category discrimination pairs (77%), and participants discriminated stimuli in the 15ms Within-Category condition at below-chance levels (29%). This behavioral pattern reflects what is typically seen in discrimination tasks involving categorically perceived stimuli (Liberman et al., 1957) . A one-way repeated measures analysis of variance (ANOVA) confirmed these findings showing a significant main effect of pair type (F(2, 26) = 108.514, p<0.001). Pairwise post-hoc comparisons revealed that all three conditions were significantly different from each other.
As Figure 2B shows, reaction-time (RT) latencies were inversely related to accuracy. The 30ms Between-Category condition showed the fastest latencies (648 ms), followed by the 15ms Between-Category condition (701 ms) and the 15ms Within-Category condition (798 ms). A one-way repeated measures ANOVA for RT was significant (F(2, 26) = 30.473, p<0.001). Pair-wise post-hoc comparisons revealed significant differences between the 15ms and 30 ms Between-Category conditions compared to the 15ms Within-Category condition. However, the two between category different conditions were not different from each other. For the tone discrimination task, performance results showed 99% accuracy (SD=0.023) for the different discrimination judgments and 99% accuracy (SD=0.013) for the same discrimination judgments. Reaction times for the two tone conditions were 536ms (SD = 82) for the tone different and condition 539ms (SD=63) for the tone same condition. Thus, overall and as expected, the tone discrimination task was easier than the VOT discrimination task.
fMRI Results
Tables 1-3 show the results of the planned comparisons between the four different stimulus types.
Syllables versus Tones-A number of significant clusters emerged in both hemispheres for the comparison between syllables and tones (see Table 1 ). Greater activation for syllables was observed in a number of clusters including the right inferior frontal gyrus (R IFG), the left superior temporal gyrus (L STG), and in medial structures in both the right and left hemispheres. Greater activation for tones emerged in several clusters including the right superior temporal gyrus (R STG), right inferior parietal lobule (R IPL), right middle temporal gyrus (R MTG), the left supramarginal gyrus (L SMG) and the left insula.
Comparison of Syllable Different Conditions to Tone Different-To further explore differences between the three syllable different conditions, comparisons were made between each syllable different condition and the Tone Different condition (see Table 2 and Figure 3) . Comparison of the 30 ms Between-Category condition to the Tone Different condition ( Figure  3A ) revealed greater activation for the Between-Category condition in the L STG and greater activation for the Tone condition in the R IFG and the IPL bilaterally. Similarly, comparison of the 15 ms Between-Category condition to the Tone condition ( Figure 3B ) revealed greater activation for the Between-Category condition in the L STG. Unlike the 30 ms BetweenCategory comparison, however, there was also greater activation for the 15 ms BetweenCategory condition in the R IFG and R MFG, the L insula, and medial structures including the cingulate. Regions observed as more active for tones in this comparison included the R IPL, bilateral insula and the L SMG.
Comparison of the activation patterns for the 15 ms Within-Category condition and the Tone condition ( Figure 3C ) revealed significantly greater activation for the Within-Category condition in the L STG as well as in medial structures including the cingulate gyrus and medial frontal gyrus. There was greater activation for tones in the R. IPL and insula as well as in left hemisphere structures including the SMG and insula.
In sum, when all three syllable category conditions were contrasted with a control (Tone Different) condition, the only area of activation that consistently emerged was the L STG. Additional areas were recruited as a function of the particular syllable category discrimination. More medial structures including the cingulate gyrus were observed for both 15ms conditions. The 15ms Between-Category comparison, the most difficult discrimination that participants were able to perform, selectively recruited both right and left anterior regions including the R IFG and R MFG and the L insula.
Pairwise comparison of the Syllable Different Conditions-Pairwise comparisons
were conducted between the three syllable different conditions (15 ms Between-Category vs. 15 ms Within-Category, 15 ms Between-Category vs. 30 ms Between-Category, and 15 ms Within-Category and 30 ms Between-Category). As Table 3 shows, significant clusters emerged in only one of the three comparisons. In particular, activation was observed for the 15ms Between-Category condition compared to the 30 ms Between-Category condition in the R IFG and R IPL.
Regression Analysis-Results of the regression analysis looking at those clusters where there was a significant relation between reaction-time and degree of activation are shown in Table 4 . As the Table shows significant clusters emerged in the R Cingulate Gyrus, the L Precuneus, and the L Anterior Cingulate. The absence of significant effects in the IFG or STG suggests that the significant activation patterns in the L STG and R IFG shown in the previous cluster analyses are not due to the difficulty of the discrimination judgments (as measured by RT).
ROI Analysis-A Hemisphere x Syllable condition ANOVA was performed for each ROI. Two patterns of interest were observed as shown in Figure 4 . Left hemisphere lateralization was observed in posterior regions including the TTG and the STG, an effect which was significant in the former, and approached significance in the latter (F(1,13)=12.995, p <0.003 and F(1,3)=4.086, p <0.064 respectively). Conversely, a pattern of significant right hemisphere lateralization was observed for the IFG (F(1,13)=8.352, p<0.013).
For the IFG, results of the ANOVA also showed that overall there was greater activation for the 15 ms Between-Category discrimination than either the 15 ms Within-Category or 30 ms Between-Category discrimination, as revealed by the significant main effect for Condition (F (2,26)=4.415, p<0.022). In addition, there was a Condition X Hemisphere interaction which approached significance (F(2,26)=2.505, p<0.101), indicating that the magnitude of the laterality effects in the IFG varied as a function of condition. The magnitude of the size of this effect showed a partial eta-squared value of .162 and a power analysis revealed a medium effect size of .46 (Cohen, 1988) . Nonetheless, analysis of simple effects revealed that both the 15 ms Between-Category and 15 ms Within-Category discriminations had a greater degree of RH lateralization than did the 30 ms Between-Category discrimination.
In addition to the main effect for laterality for the STG owing to left hemisphere lateralization across the discrimination conditions, results of the ANOVA also revealed a Condition X Hemisphere interaction that was due to a smaller laterality difference for the 15 ms WithinCategory discrimination condition compared to both the 15 ms and 30 ms Between-Category discrimination conditions (F(2,26)=4.341, p<0.024). Post-hoc tests revealed that there was greater left hemisphere activation in the STG for the 30 and 15 ms Between-Category discriminations, and no laterality difference for the 15 ms Within-Category discrimination.
DISCUSSION
The current study investigated the neural systems underlying early stages of phonetic processing by utilizing a sub-lexical discrimination task with a short 50 ms ISI designed to focus listeners' attention on the acoustic-phonetic properties inherent in the stimuli (cf. Liberman et al., 1957) . While the relatively poor temporal resolution of the fMRI paradigm does not allow for determination of the time course of processing, the discrimination task was designed to tap processing without requiring the subject to make a decision about the phonetic content of the stimuli. Results showed that the perception of voice-onset time, a rapid temporal cue to voicing in stop consonants, recruits an extensive bilateral network with left hemisphere lateralization for the acoustic processing of voice-onset time and right hemisphere lateralization for decision processes. Even relatively early in the phonetic processing stream, i.e. in the STG, differences in activation patterns emerged as a function of the phonetic category status of the stimuli, i.e. between versus within category discriminations, and as a function of the acoustic distance between stimuli.
Phonetic Category Structure and Acoustic Distance
Perception of Between-Category and Within-Category Discrimination-The behavioral results showed sensitivity to phonetic category structure and the acoustic distance between stimuli. As expected, participants showed more accurate discrimination and faster reaction-time latencies for stimulus pairs which belonged to different phonetic categories (15 msec Between-Category, 30 msec Between-Category) as well as more accurate performance for a larger acoustic step (30 ms Between-Category) than a smaller acoustic step (15 ms Between-Category). Additionally, better discrimination of 15 ms between phonetic category pairs than 15 within phonetic category pairs indicated that despite the fact that the acoustic distance between the discrimination pairs was the same, there was a processing advantage for those discrimination pairs in which stimuli belonged to different phonetic categories, even when the acoustic distance was equated.
The neuroimaging results also showed sensitivity to both phonetic category structure and acoustic distance. In particular, pairwise comparison of the VOT discrimination conditions showed greater activation for the 15ms Between-Category discrimination compared to the 30ms Between-Category discrimination, particularly in frontal regions which are typically associated with tasks requiring increased computational resources (Binder et al., 2004; Scott and Wise, 2004) . In addition, the near-significant laterality X hemisphere interaction for the IFG in the ROI analysis showed greater right hemisphere lateralization for both the 15 ms Between-Category and 15 ms Within-Category discriminations compared to the 30 ms Between-Category discriminations. This activation pattern is consistent with the interpretation that increased processing resources are needed as the acoustic distance between stimuli is reduced and the phonetic discrimination is made more difficult.
What is less clear is what the nature of these processing resources may be. Increased bilateral frontal activation has been shown for both language and nonlanguage stimuli across a range of tasks having different cognitive demands including response conflict, stimulus novelty, working memory, perceptual difficulty, and attention (Duncan and Owen, 2000; Fuster, 2000) . That similar bilateral frontal areas are activated across these disparate cognitive demands makes it difficult to ascribe a common functional role to them. Nonetheless, in the case of the current experiment, it appears as though increased frontal activation occurs as a function of the difficulty of the discrimination judgment as measured by both performance and reaction-time latency.
Consistent with these findings are the results of a recent study showing that the strength of the MMN was modulated by the acoustic distance between stimuli drawn from two phonetic categories (Joanisse et al., 2007) . Such sensitivity suggests that these effects do not rely on overt attention or memory processes and have a strong sensory component to them. Nonetheless, the results of the current experiment suggest that the increased activation of the R IFG is not due merely to the acoustic distance between the stimuli and the resultant difficulty of the discrimination, but that phonetic category structure also plays a role. In particular, the R IFG showed sensitivity to acoustic distance but only for those stimuli that belonged to different phonetic categories. As described above, the pairwise comparisons of the 15ms Between-Category and the 30 ms Between-Category conditions showed increased frontal activation, whereas the comparison of the 15ms Within-Category and the 30 ms BetweenCategory conditions failed to show any difference. In both cases, the magnitude of the acoustic distance between the pair types was the same (i.e. a 15 ms discrimination vs. a 30 ms discrimination). Moreover, the ROI analysis revealed that the 15 ms Between-Category discrimination showed significantly more activation in both right and left hemispheres than the 15 ms Within-Category.
Comparison of the three VOT conditions to the tone control condition revealed a similar pattern of results as those shown for the direct comparison between the VOT conditions and the ROI analysis. Namely, a significant cluster emerged in R IFG only for the 15 ms Between-Category discrimination. No frontal clusters emerged for either the 15 ms Within-Category discrimination or for the 30 ms Between-Category discrimination. The lack of a significant IFG cluster for the 30 ms Between-Category discrimination most likely reflects the fact that the discrimination is relatively easy and requires few resources. What is surprising is that none of the analyses (comparisons of conditions, ROI analysis, and comparison of the three VOT conditions with the tone condition) showed increased activation in the R IFG cluster for the 15 ms Within-Category discrimination relative to the 15 ms Between-Category discrimination. The question is why?
It was originally hypothesized that the 15ms Within-Category discrimination would show the poorest performance, the slowest reaction-time latencies, and the greatest neural activation compared to the other VOT discriminations. As predicted, participants failed to discriminate the 15 ms Within-Category pairs as indicated by a mean accuracy score of 29%. However, despite the obvious difficulty of the discrimination, there was no difference in RT latencies between the 15 ms Between-Category and 15 ms Within-Category discriminations. Moreover, the regression analysis showed no correlation in the IFG between degree of activation and reaction-time latencies. Thus, the failure to show increased R IFG activation in the 15 ms Within-Category discrimination cannot be attributed to the difficulty of the discrimination per se. These results suggest that the RH is recruited under conditions of stimulus difficulty and uncertainty, but that there is increased activation only when the difference between stimuli is perceptible. When subjects fail to discriminate stimuli, the RH shows a reduction in activation, presumably reflecting reduced processing on these stimuli.
A study by Poldrack et al. (2001) also showed changes in the activation patterns in the IFG as a function of the extent of temporal compression of speech and its effects on subsequent 'comprehensibility' of the stimuli. Using a sentence verification task, they showed a convex pattern of activation in frontal areas as a function of the extent of speech compression. Increased activation was observed bilaterally in the IFG as compression increased (and the stimuli became less comprehensible as measured by task performance). However, when speech compression resulted in chance performance on the sentence verification task, IFG activation decreased. In the present study, the 15ms Between-Category condition was a more difficult discrimination than the 30 ms Between-Category discrimination, but participants were still able to reliably phonetically discriminate this condition as "different", recruiting similar frontal regions to those seen in the Poldrack et al. study, although only in the right hemisphere. In contrast, when discrimination performance was at chance in the Within-Category condition, the expected frontal activation failed to emerge.
Laterality Effects
Two general patterns of interest were observed. First, activation in anterior areas was right hemisphere lateralized and activation in posterior areas was left hemisphere lateralized. Second, the magnitude of the laterality effect in both the IFG and STG varied as a function of the type of VOT discrimination.
Posterior Structures-Although bilateral activation was observed in posterior regions in the discrimination of VOT, an overall left-lateralization was observed across syllable conditions as early as the transverse temporal gyrus (TTG). Of interest, the pattern of lateralization observed in the ROI analysis was the same across the three VOT discrimination conditions. That lateral differences emerged as early as the TTG for acoustic properties of speech has not been reported previously in fMRI experiments, but lateral differences have been shown in the processing of voiced and voiceless stop consonants using intracerebral evoked potentials (Liegois-Chauvel et al., 1999) . The failure to show these effects in fMRI studies may be due, in part, to the methods used in analyzing the data. As an example, Liebenthal et al. (2005) investigated the discrimination of formant transitions cueing place of articulation in stop consonant and found increased LH activation only in the ventral STG/STS but not in the TTG. In their study, Liebenthal et al. compared the discrimination of speech stimuli to nonspeech controls closely matched to the speech sounds in terms of their acoustic properties. By comparing the activation patterns between speech and non-speech, Liebenthal et al. subtracted out potential laterality differences for the processing of rapid spectral changes in formant transitions. Thus, it is possible that there were laterality differences in the processing of spectral changes for either speech or non-speech stimuli as early as the TTG. In the current study, differences in the processing of voice-onset time were compared directly and showed left TTG lateralization. It would be of interest to determine whether similar laterality effects would emerge for the processing of rapid temporal cues in non-speech stimuli patterned after voiceonset time such as tone-onset time. Of interest, both Zatorre and Belin (2001) and Jamison et al. (2006) showed lateral differences as early as Heschl's gyrus in the processing of temporal properties of non-speech stimuli. Such findings suggest that hemispheric asymmetries occur in primary auditory areas for acoustic attributes of both speech and nonspeech and challenge the view that at the earliest stages of the phonetic processing stream both hemispheres equally provide the substrate for constructing sound based representations (Hickok & Poeppel, 2000; Binder et al., 2004) .
Consistent with current models of the neural systems underlying the processing of speech, the L STG was activated for all three VOT conditions (cf. Hickok & Poeppel, 2000 Poeppel & Hickock, 2004; Zatorre et al., 2002) . These results emerged in the pairwise comparisons of the VOT conditions, in the comparison of the three VOT conditions to the simple non-speech tone discrimination task, and in the ROI analysis.
The magnitude of LH activation differed as a function of the syllable conditions, with significantly greater LH lateralization in both the 30 ms and 15 Between-Category conditions compared to the 15 ms Within-Category discriminations. Of interest, there was not a concomitant significant increase in the magnitude of activation in either right or left hemisphere posterior structures for the 15ms Within-Category condition, the condition in which participants failed to reliably discriminate the stimuli. What distinguishes the 15 ms Between and Within-Category conditions is whether or not the stimulus pairs fall within a phonetic category or belong to two different phonetic categories, suggesting that the perceptual system is 'aware' of phonetic category structure in those anatomical areas considered to early in the phonetic processing stream. If it is assumed that the phonetic processing system is both a feedforward (TTG to STG to frontal areas) and feedback network, then it would not be surprising to find differential neural responses early in the neural processing stream to stimulus pairs that map on to a common phonetic category compared to ones that map on to a different phonetic category.
The finding that the left posterior STG is sensitive to the phonetic properties of stimulus pairs, even when controlling for acoustic distance, is consistent with those of a recent study by Joanisse and colleagues (2006) . In this study, greater release from adaptation of the fMR signal was observed in the left posterior STG for four-syllable trains in which the last stimulus of the train was from a different phonetic category than the first three (i.e. ga ga ga da), than for those for those in which the last syllable was different by an equivalent acoustic step, but belonged to the same phonetic category (i.e. ga1 ga1 ga1 ga2).
Anterior Structures-A pattern of right hemisphere lateralization was observed for the IFG in all analyses. Additionally, as described earlier, the 15 ms Between-Category discrimination showed increased frontal activation presumably because of increased response selection demands owing to the difficulty of the discrimination. Sharp et al. (2004) showed activation in the right dorsolateral prefrontal cortex in a semantic decision task when the stimuli were acoustically degraded, and a similar but smaller effect in a syllable decision task under similar conditions of acoustic degradation. Similar to the results of the Poldrack et al. study discussed above, this system appeared to be recruited only when the stimuli were sufficiently 'degraded' such that listeners were unable to accurately discriminate them. Nonetheless, the current study showed RH lateralization in the IFG for the discrimination of VOT across all syllable conditions, suggesting that this system may be active in phonetic processing even in the absence of acoustic degradation. What appears to modulate activity in this right hemisphere system are two factors: the sensitivity of the system to the acoustic parameters of the stimulus and the difficulty of the phonetic discrimination.
Of importance, not all speech discrimination tasks appear to recruit this right pre-frontal system. Burton et al. (2000) failed to show increased frontal activation (in either the RH or LH) in a voicing discrimination task using clearly produced natural speech tokens. In the current study, voicing discriminations were also required but the stimuli were synthetic varying along a single acoustic parameter, and the magnitude of the acoustic differences between the stimuli was small at either 15 ms or 30 ms. The difficulty of the between phonetic category discrimination increased the computational resources required to perform the task, thus recruiting the right hemisphere prefrontal network.
In contrast to the current study, Joanisse et al. (2003) showed increased activation in the L IFG and the STG bilaterally in the discrimination of rapid temporal and spectral cues to both speech and nonspeech continua. They proposed that the increased activation in the L IFG was due to difficulty of the discrimination task. However, unlike the current study, they collapsed the 'easy' and 'difficult' discriminations within the particular stimulus continuum. Thus, it is possible that they too would have found increased activation in right frontal structures had they compared the easy and difficult discriminations within the particular stimulus continuum.
That anterior structures are involved in executive decisions is not surprising (cf. Binder et al., 2004; Scott and Wise, 2004) . What was unexpected is that the activation emerged in right frontal structures and not in left frontal structures as well. In a study investigating the discrimination of place of articulation in two synthetically produced syllables in the presence of a parametrically varied noise mask, Binder et al. (2004) found a bilaterally symmetric system in which the IFG showed increased activation as a function of increased masking of the speech stimuli by noise. Myers (2007) found similar bilateral increases in activation in a phonetic categorization task for stimuli varying in VOT as those stimuli approached the phonetic category boundary. Although the current study did not show significant clusters in the L IFG for the more difficult 15 ms Between-Category discrimination, post-hoc tests of changes in lateralization in the LH in the ROI analysis (see Figure 4 ) revealed a significant increase in activation in the L IFG for the 15 ms Between Category condition compared to the 30 ms Between Category comparison. Thus, the increase in activation was bilateral, but not bilaterally symmetric as found by Binder et al. It may be that the perceptual judgments required in the current study were more difficult than the task demands of the Binder et al. and Myers studies. As a consequence, it is possible that the left hemisphere executive system was operating at ceiling even for the easiest 30 ms Between-Category condition and the right hemisphere executive system was recruited under the more difficult 15 ms Between-Category condition. Another possibility is that in contrast to the current study the task demands in both the Binder et al. and Myers study required subjects to phonetically identify the stimuli rather than focus solely on the acoustic properties of the stimuli. It is likely that under such conditions there would be increased left hemisphere activation. Spectrograms of the six synthetic syllable stimuli, ranging from a VOT of 0ms (left) to 40ms (right). VOT values used were 0ms, 10ms, 15ms, 25ms, 30ms and 40ms. Mean percent signal change for the three syllable different conditions is displayed for anatomically defined ROIs in the left and right hemisphere where significant differences emerged. The anatomically defined ROI from AFNI's implementation of the Talairach and Tournoux atlas is displayed in the upper right hand corner of each graph. 
Syllables versus Tones
Areas of significant activation in the comparison between all syllable stimuli and all tone stimuli at a voxel-level threshold of p<0.01 and a corrected threshold of p<0.01. Coordinates displayed are in the standardized Talairach and Tournoux template and indicate the center of mass for each cluster 
